Diamond has attracted attention as a next-generation semiconductor because of its various exceptional properties such as a wide bandgap and high breakdown electric field. Diamond field effect transistors, for example, have been extensively investigated for high-power and high-frequency electronic applications. The quality of their charge transport (i.e., mobility), however, has been limited due to charged impurities near the diamond surface. Here, we fabricate diamond field effect transistors by using a monocrystalline hexagonal boron nitride (h-BN) as a gate dielectric. The resulting high mobility of charge carriers allows us to observe quantum oscillations in both the longitudinal and Hall resistivities. The oscillations provide important information on the fundamental properties of the charge carriers, such as effective mass, lifetime, and dimensionality. Our results indicate the presence of a high-quality two-dimensional hole gas at the diamond surface and thus pave the way for studies of quantum transport in diamond and the development of low-loss and high-speed devices. 
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a) YAMAGUCHI.Takahide@nims.go.jp superior to those of Si and Ge 13 . There have been extensive studies on diamond FETs [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] aimed at developing applications for high-power and high-frequency electronics. SdH oscillations in diamond, however, have been difficult to observe because of the low mobilities of the charge carriers in FET structures and have been reported only in our previous paper 25 .
In that work, the SdH oscillations were observed in ionic-liquid-gated diamond FETs. Although the SdH oscillations provided evidence of the two-dimensional character of the hole gas that accumulates at the diamond surface, no clear dependence of the oscillations on gate voltage was observed, and the indicated spatial inhomogeneity of the hole gas remained an issue to be resolved.
In this study, we create high-mobility two-dimensional hole gas in diamond using limits the mobility of the hole gas.
The fabrication process and the electrical properties of the devices at room temperature have been reported in detail elsewhere 26 . Briefly, a monocrystalline h-BN was cleaved by 
The magnetic field dependences of ρ xx and ρ yx measured at low temperature for n Hall >n c
shows SdH oscillations ( Fig. 1c and 1d ). The gate voltage dependence of the oscillation is reproducible. The magnetic field dependences of ρ xx and ρ yx were nearly unchanged after the gate voltage was swept back to zero and swept again to the same voltage. Furthermore, the ρ yx curves obtained using two different sets of Hall probes were in good agreement ( A notable feature in Fig. 1d is that ρ yx (B) has a step-like structure. This is reminiscent of quantum Hall plateaus, but the present system is unlikely in the quantum Hall regime. The frequency of the SdH oscillations provides an estimate of the carrier density through the relation, n SdH = (2e/h)B F . The carrier density n SdH thus obtained is plotted as a function of gate voltage in Fig. 1f . Here, n SdH differs substantially from n Hall , which is estimated from the low-field Hall coefficient by assuming a single-carrier model. A similar discrepancy between n SdH and n Hall was observed in the other devices ( The origin of the discrepancy between n SdH and n Hall in the present system can be specif- ically inferred by inspecting the valence-band electronic structure at the diamond surface.
The valence bands in diamond consist of heavy-, light-, and split-off-hole bands. These bands are split into subbands at the diamond surface because the motion of the carriers along the direction normal to the surface is quantized due to the gate-induced confining potential. Our calculation based on Schrödinger-Poisson equations indicates that holes occupy the lowest heavy and lowest split-off subbands for the relevant range of the total carrier density expected from the gate capacitance. ( SdH oscillations of the holes in the heavy-hole subband as well.
The two-dimensional nature of the hole gas expected from the quantum confinement was evidenced by the oscillations in different magnetic field orientations. Figure 3a Now let us make a more detailed analysis of the oscillations to obtain further insights into the hole gas. As shown above, there is a parallel conduction channel presumably due to the heavy-hole subband, in addition to the one that shows the SdH oscillations. Therefore, we performed an analysis based on σ xx and σ xy rather than ρ xx and ρ yx . σ xx and σ xy can be obtained from ρ xx and ρ yx using σ xx = ρ xx /(ρ (Fig. 5a  and 5b ). σ xx and σ xy fit the two-carrier model:
Here, the carrier density obtained from the SdH frequency is taken as n 1 for the split-off holes.
n 2 for the heavy holes is assumed to be 5n 1 , as the calculation based on the Schrödinger-Poisson equations provides n 2 /n 1 ≈ 5 for the carrier density range corresponding to the experiment. By setting the mobilities µ 1 and µ 2 as the fitting parameters, satisfactory fits to both σ xx and σ xy are obtained. µ 1 (µ 2 ) obtained from σ xx and µ 1 (µ 2 ) obtained from σ xy are in good agreement (Fig. 5c ), which suggests that the above assumption is reasonable.
The satisfactory fit with the two-carrier model is consistent with the above picture that the carriers in a subband have a higher mobility and show SdH oscillations.
The oscillating part of σ xx and σ xy can be extracted by subtracting the background curves obtained by the two-carrier-model fitting ( Fig. 5d and 5e ). The SdH oscillations in σ xx and σ xy of two-dimensional systems are theoretically described by 1,9,37 θ is the magnetic field orientation relative to the direction normal to the surface, B = B a cos (θ), where B a is the applied magnetic field. µ 0 (≡eτ 0 /m * ) is the transport mobility and µ q (≡eτ q /m * ) is the quantum mobility, each corresponding to the transport lifetime τ 0 and quantum lifetime τ q . Generally, τ 0 ≥ τ q , because all scattering processes equally contribute to the quantum lifetime, while small-angle scattering has a smaller effect on the transport lifetime 38 . We introduced temperature-and magnetic-field-independent coefficients, a xx (>0) and a xy (>0); a xx = a xy = 1 in the original theory. Note that the above equations are for holes, whereas those in Ref. 9 are for electrons; therefore, the sign of ∆σ xy is opposite. The fitting of ∆σ xx and ∆σ xy with Eqs. 3-7 by setting µ 0 , µ q , a xx R S (or a xy R S ), and B F as fitting parameters led to a large uncertainty in the obtained parameter values.
Instead, by assuming that µ 0 and µ q are identical to µ 1 obtained by the two-carrier-model fitting and by setting a xy R S and B F as fitting parameters, a reasonably good fit of ∆σ xy was obtained, as shown in reproduces ∆σ xx (Fig. 5d) . Thus, the overall magnetic field dependences of σ xx and σ xy This is reasonable because the major scattering source in the present system is attributed to negatively charged impurities on the diamond surface 26 .
Interestingly, the sign of R S obtained above changes with the gate voltage. For device S1, R S was negative for V GS = −9 and −10 V, but positive for V GS = −6 to −8 V (Fig. 5f ).
R S was positive for all the gate voltages in the case of device S2, for which the SdH carrier density was lower than that for device S1 (Fig. S3j of Supplemental Material). The change in the sign of R S means a change in the phase in the oscillation, which is also evidenced by the Fan diagram (Fig. 5g) : the vertical-axis intercept is close to -0.5 for the linear fit to the data of device S1 at V GS = −9 and −10 V, while it is close to 0 for the other data. 
, where θ C is the angle at which the oscillation disappears due to the cancellation between the spin-up and spin-down oscillations. For such measurements, it will be important to improve the quality of devices by reducing the charged impurities on the diamond surface.
In summary, SdH oscillations were observed in the longitudinal and Hall resistivities of diamond FETs fabricated with monocrystalline h-BN as a gate dielectric. The frequency of the oscillation clearly depended on the gate voltage, and the corresponding carrier density could be understood in terms of the subband structure at the diamond surface. The SdH oscillations as well as the magnetic field dependence of σ xx and σ xy were quantitatively explained using a two-carrier model and the standard theory of the SdH oscillation for twodimensional systems. This result indicates that a high-quality hole gas accumulated at the diamond surface. The ratio between the quantum lifetime and transport lifetime is close to unity, which suggests that the charged impurities at the interface between diamond and h-BN are the major cause of carrier scattering. The high-quality hole gas demonstrated in this study has great potential for low-loss and high-speed electronics. B. Calculation of subband structures at the diamond surface.
The subband structure at the (111) surface of diamond for a given total sheet carrier density n 2D was calculated by solving the Shrödinger and Poisson equations (Eqs. 1-4) in a self-consistent manner 49 .
Here, the energy is for holes; the sign of the energy is inverted from that of the usual description of band structure. The index i represents the heavy hole (HH), light hole (LH), and split-off hole (SO). The calculation did not include the band mixing of the heavy, light, and split-off holes. We used the effective masses for the (111) surface derived from the Luttinger parameters 33 , γ 1 = 2.670, γ 2 = −0.430, and γ 3 = 0.680:
The following values were also used for the calculation: dielectric constant = 5. C. Deviation of the SdH-oscillation amplitude from theory.
The deviation of a xx and a xy from unity in our devices is very similar to the deviation from theory in GaAs/Ga 1−x Al x As heterostructures 9 , and probably has the same origin. The deviations of a xx and a xy from unity in our devices correspond to a deviation (increase) of the oscillation amplitude of ∆ρ yx from theory especially for large µ q B, by a factor of ≈ 2 at most. The deviation of ∆ρ xx is even smaller; it is less than ≈ 30%. In the case of GaAs/Ga 1−x Al x As heterostructures, SdH oscillations of ρ xx and ρ xy are well described by the theory with a xx ≈1 and a xy ≈1 when µ q B is in the range 0.4-0.6. 9 However, the amplitude of ∆ρ xy becomes larger than the theoretical one for µ q B>0.6; the factor is ≈2 for µ q B = 1.
(For ∆ρ xx , agreement with theory is obtained even for µ q B>0.6.) The amplitude of ∆ρ yx increased in our devices for µ q B = 0.5 − 1.1, which is nearly the same range in which there is a similar increase in GaAs/Ga 1−x Al x As heterostructures. It has been argued 9 that the deviation from theory in GaAs/Ga 1−x Al x As heterostructures is associated with localized states between Landau levels. 
